Rising temperatures and changes in snow cover, as can be expected under a global warmer climate, may have large impacts on mountain grassland productivity limited by cold and long winters. Here, we elaborated a multi-layer atmospheresoil-vegetation model to account for snow, freeze-thaw events, grass growth, and soil microbiology. The model was applied to simulate the responses of managed grasslands to anomalously warm winter conditions. The grass growth module represented key ecological processes under a cold environment, such as leaf formation, elongation and death, tillering, carbon allocation, 5 and cold acclimation, in terms of photosynthetic activity. Input parameters were derived for the pre-alpine grassland sites in Germany, for which the model was run using three years of data that included a winter with an exceptionally limited amount of snow cover. The model reproduced the temporal variability of observed daily mean heat fluxes, soil temperatures and snow depth throughout the simulation period. High physiological activity levels during the extremely warm winter led to a simulated CO 2 uptake of 100 gC m −2 , which was mainly allocated into the below-ground biomass and only to a minor extend used 10 for additional plant growth during early spring. If this temporary dynamics is representative of the long-term changes, this process, which is so far largely unaccounted for in scenario analysis using global terrestrial biosphere models, may lead to carbon accumulation in the soil and/or carbon loss from the soil as a response to global warming.
plant growth in BASGRA are: (1) simulation of source-sink relations where the source consists both current photosynthesis and remobilization of reserves; (2) simulation of leaf area dynamics and tillering for vegetative and generative tillers; and
(3) cold hardening and the effect of physical winter stress factors on tiller survival and plant growth. BASGRA has been well validated by using several experimental datasets of harvestable dry matter of perennial rye grass collected in Europe (Schapendonk et al., 1998) and from five locations in Norway, covering a wide range of agroclimatic regions, day lengths, and 95 soil conditions (Höglind et al., 2016) . BASGRA consists of the LINGRA grassland model (Van Oijen et al., 2005) with models for cold hardening and soil physical winter processes, while diurnal CO 2 assimilation is calculated as accumulation of the net assimilation for each time step within the vegetation sub-model (Nagai, 2004) instead of the original scheme of photosynthetic processes in BASGRA. When snow covers grasses, no photosynthesis is assumed to occur due to low light availability and only soil respiration is considered. BASGRA uses a so-called "big-leaf" approach (Monteith, 1981) , thus predicting the total
where A n (µmol m −2 s −1 ) is the net CO 2 assimilation rate at each canopy layer, which is calculated by subtracting the leaf respiration rate R d (µmol m −2 s −1 ) from the assimilation rate, w c (µmol m −2 s −1 ) is the limitation by efficiency of the photosynthetic enzyme system (Rubisco), w e (µmol m −2 s −1 ) is the limitation by the absorbed photosynthetically active radiation (PAR), w s (µmol m −2 s −1 ) is the limitation by the capacity of leaf to export the products of photosynthesis, T a 130 ( • C) is the daily and vertical mean air temperature for all canopy layer, and T ph ( • C) is the threshold air temperature above which grasslands are photosynthetically active. Determination of the value of this threshold temperature is important to avoid the overestimation (mainly from fall to winter) of photosynthesis at a low temperature (Höglind et al., 2011) . In the original BASGRA, T ph is set to 1 • C, that is, V cmax starts decreasing linearly when T a drops below 1 • C until it becomes zero at −4 • C.
However, in the SOLVEG simulation, since the values of T ph may change depending on environmental conditions, the value 135 of T ph is calibrated for each site so that the model reproduce the observed CO 2 flux during the extremely warm winter period.
Study sites and observational data
The model is applied to two sites of managed grassland named the Graswang ( Bavarian Alpine Foreland, which is an area in the south of Germany and north of the Alps (Mauder et al., 2013; Zeeman et al., 2017; Zeeman et al., 2019) . The grasses are harvested several times during the growing season defined as the period from April to October.
Half-hourly data of precipitation, atmospheric pressure, horizontal wind speed, air temperature and humidity, and incoming long-and short-wave radiation were used at the top atmospheric layer as a height of 3.5 m. Data of friction velocity (u * ), 
Calibration and validation procedure
Parameters used for SOLVEG simulations are summarized in Table 2 . The simulation period is approximately three years from 1 December, 2011, to 1 November, 2014, which included both normal (2011-2012 and 2012-2013) and extremely warm (2013-2014) winters. Since the lack of the data, most of the micrometeorological and hydrological parameters for SOLVEG statistically evaluated using the mean error (ME), the root mean squared error (RMSE), intercept and slope of linear regression lines, and the Pearson's correlation coefficient (R).
Scenario determination for sensitivity analysis
To investigate the impact of cold acclimation of grassland vegetation on the CO 2 balance and carbon allocation at mountain grassland ecosystems, two scenarios using the SOLVEG model are defined based on the experimental results of Höglind et 165 al. (2011): "active scenario" (T ph = 1 • C) and "dormant scenario" (T ph = 11 • C). The former indicates that photosynthesis is active during most of the wintertime and photosynthesis works even at the low temperature of 1 • C. In contrast, the latter represents the situation where grass physiology is more or less shut down and photosynthesis ceases under the condition of a relatively high temperature of 11 • C to protect from cold death. Both scenarios are adopted for both the Graswang and Fendt for the same period. Figure 3 illustrates the time series of modelled and observed daily soil temperature and snow depth at the two sites. Observed changes in snow depth were reproduced by the model overall (Fig. 3a, c) . Seasonal changes in observed soil temperature were also reproduced by the model; for example, when the grassland was under the snow cover at the Graswang from December 2012 to February 2013, soil temperature at a depth of 0.02 m remained almost 0 • C for both observed and simulated values 180 ( Fig. 3c ). Sudden increases in soil temperature over the snow-free condition were also reproduced by the model; this was particularly evident at the Fendt during the extremely warm winter of 2013-2014 ( Fig. 3a ).
Simulated and observed daily CO 2 fluxes (F CO2 ) over the canopies and simulated LAI at both sites are presented in Fig. 3 .
The model simulated the observed increase of CO 2 flux after the harvesting, which was achieved by the regrowth of grassland vegetation ( Fig. 3b and d observed CO 2 flux at the Fendt were reproduced by the model (Fig. 3b) using the calibrated value of T ph = 1 • C (Table 1) .
At the Graswang, both observed and simulated CO 2 fluxes were very small and near to zero (Fig. 3d ) due to a high threshold temperature for cold acclimation calibrated as T ph = 11 • C (Table 1) .
Scatter diagrams and statistical comparisons of daily energy and CO 2 fluxes at the two sites throughout the simulation period are presented in Fig. 4 and Table 3 , respectively. At both sites, the slopes of the regression lines were overall close to unity and 190 values of the intercepts were sufficiently small for R net , H, and λE. High correlations were also observed between measured and simulated CO 2 fluxes at both sites. of at most a factor of two were found in the results during winter. Nevertheless, the leaf biomasses at the first cutting event from May to June were similar at both sites and scenarios. Figure 6 depicts the selected results of cumulative GPP and ecosystem respiration (RE), and mean leaf and root biomasses, carbon reserve content (total stock of carbon that can be allocated to any of the plant elements such as leaves, stems, and roots), and LAI simulated at the Fendt during winter and spring in 2014. Both GPP and RE were higher in the active scenario 
Sensitivity analysis

